Rabbits exposed to feeding tsetse flies developed cutaneous hypersensitivity responses to fly bites. These responses had characteristics of immediate and delayed type hypersensitivity. Saliva components from the tsetse fly Glossina morsitans centralis were electrophoretically separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Major salivary proteins of 160, 92, 66, 64, 55, 42, 33, 28, and 15 kilodaltons were identified. Separated salivary components were transferred to nitrocellulose filters and probed with lectins and with whole sera and purified IgG from rabbits which had been exposed, via fly feeding, to tsetse antigens for variable periods. Many of the salivary proteins were identified as glycoproteins. Several major salivary proteins were recognized by antibodies from sensitized rabbits.
Tsetse flies are vectors of African trypanosomiasis, a disease of humans and domestic animals in vast areas of tropical Africa. During the course of obtaining a blood meal, infected tsetse flies inject saliva with metacyclic trypanosomes into the skin of the host. Hypersensitivity reactions of immediate and delayed type have been observed in sensitized humans and animals following the bite of uninfected flies, indicating that salivary components may be allergeni~.'~ Since replicating trypanosomes initially reside in the dermal microenvironment,' vector-induced inflammatory reactions may play a role in the development and dissemination of the protozoan parasite.
Antibodies that react with arthropod antigens have been detected in the sera of animals infested with a wide range of ectoparasite~.~~ Passive transfer experiments indicate that these humoral components play a role in immediate type hypersensitivity reactions in the skin following arthropod bite^.*,^,^ Salivary secretions have been implicated as the antigens commonly eliciting these responses24~32~3s,36 but the specific salivary components involved have rarely been identified. To better understand the immunobiology of the host-ectoparasite relationship, we have assessed lesions and humoral responses in rabbits with experimentally induced immediate and delayed hypersensitivity reactions to the bites of uninfected tsetse flies. We have electrophoretically separated and characterized the proteins of tsetse saliva and have used rabbit sera and purified IgG to identify which saliva components elicit a host antibody response.
Materials and Methods
Tsetse flies, Glossina morsitans centralis, were reared and maintained as previously described. 21 During fly feeding, rabbits (tsetse-naive New Zealand x lop) were restrained in holding boxes equipped with ear platforms. Flies, in batches of 50, were allowed to feed until engorged. To evaluate humoral and tissue responses attending immediate hypersensitivity reactions, seven animals were exposed to 200 flies on day 0. On day 14 the rabbits were again exposed to 200 flies and evaluated 15 minutes, 2 hours, and 48 hours after exposure for clinical signs of hypersensitivity. If immediate hypersensitivity reactions were not apparent following the secondary exposure, the rabbits were re-exposed to 200 feeding flies at 7 day intervals for a total of five successive exposures. Skin reactions were noted after each challenge.
To assess clinical, humoral, and tissue responses in the case of prolonged natural exposure to tsetse salivary antigens, ten rabbits which had regular exposure to feeding tsetse were randomly selected from the colony used to maintain uninfected flies. These animals had been exposed to 200 flies on three consecutive days each week for at least 1 year.
Five millimeter punch biopsies were taken from the ears of selected rabbits with both immediate and delayed reactions at 0, 2, 6, 24, 72, and 96 hours and 1 week after fly feeding. Tissue was fixed in 3% mercuric chloride formalin or Bouins solution for 24 hours, routinely processed, embedded in paraffin and stained with hematoxylin and eosin (HE) or Giemsa.
Immunohistochemical evaluation of cellular infiltrates was performed on routinely-fixed and processed deparaffinized sections using a biotinylated goat anti-rabbit IgG (H + L) (Vector Laboratories, Burlingame, CA) at a dilution of 1 : 50 as the primary reagent and avidin-biotin peroxidase complex 66 1 (Vector Laboratories), diluted according to the manufacturers instructions, as the secondary reagent. 17 Rabbits were bled from the marginal ear vein, and the serum was collected and stored at -20 C until used. Immunoglobulin G (IgG) was purified from serum using protein-A Sepharose (Pharmacia Fine Chemicals, Uppsala, Sweden) as previously de~cribed.~" Adult female G. m. centralis were used as a source of saliva. Following a 2-day starvation period flies were decapitated and salivary glands were removed and placed in Dulbecco's phosphate buffered saline (DPBS) at 37 C for 1 hour. During this time the glandular cells released saliva into the medium. Solid glandular material was sedimented by centrifugation at 10,000 x g for 10 minutes. The supernatant was removed and its protein content was estimated by UV absorbance (A235/280). Saliva was stored at -80 C until used.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using the discontinuous buffer system of Maizel.2n Tsetse saliva (200 pg/ml) was denatured by heating for 5 minutes at 100 C in a buffer containing 62 mm Tris-HC1, pH 6.8,2% SDS, 5% 2-mercaptoethanol, 7.5% glycerol and 0.0 1% bromphenol blue, and 30 pl aliquots were applied to 7.5-17.5% gradient acrylamide gels. After electrophoresis, portions of the gel were stained with Coomassie brilliant blue R-250 (Bio-Rad Laboratories, Richmond, CA) according to MaizelZ0 or with ammoniacal silver. 16 Protein bands in SDS-PAGE gels were transferred to nitrocellulose filters (BA85, Schleicher and Schull, Dassel, GFR) using the method of BumetteIO except that the transfer buffer also contained 0.1% SDS to enhance protein transfer.12 Following transfer, a strip of nitrocellulose was cut and stained with amido black (0.15% in water, methanol, acetic acid; 65 : 25 : 10) for 5 minutes to visualize transferred protein.
Membranes were washed for 1 hour in 10% methanol in DPBS, with shaking, to remove residual SDS, followed by a 15 minute wash in DPBS, and were then incubated for 1 hour in 0.1% Tween 20 in DPBS (TPBS) to block unbound membrane sites.3 Nitrocellulose membranes were stored at 4 C in TPBS for up to several days before use.
Lectins tested were: Bandeiraea simplicifolia agglutinin (BSA), Concanavalin A (Con A), Ricinus communis agglutinin (RCA), soybean agglutinin (SBA), and wheat germ agglutinin (WGA) (Vector Laboratories). Two centimeter strips of nitrocellulose membrane were incubated with a biotinylated lectin (15 pg-30 pg/ml in TPBS) for 2 hours at room temperature, washed 3 x 10 minutes in TPBS, incubated with avidin-horseradish peroxidase (HRP) (5 pg/ml in TPBS) for 1 hour, and washed again (3 x 10 minutes in TPBS). Bound lectin was detected using diamino benzidine (DAB) as a peroxidase substrate. A control strip, treated as above but with omission of biotin labelled lectin, was included to check for non-specific binding by the avidin-HRP.
Sera from rabbits upon which tsetse had fed were first screened for precipitating antibodies to salivary antigens using the double immunodiffusion technique of Ou~hterlony.~~ Ten pl of saliva or test antibody were placed in opposing wells. Plates were checked for precipitin lines at 24 and 48 hours. Nitrocellulose strips were handled as above. Strips were incubated in serum (1 : 100) or purified IgG (1 : 400), diluted in TPBS, for 1 hour by washing (4 x 30 minutes in TPBS). Incubation with peroxidase-labelled goat anti-rabbit serum (1 : 1,000) (Pasteur Institute, Paris, France) was then performed for 1 hour followed by washing (4 x 30 minutes in TPBS) and visualization of bound antibody with DAB as above.
Results
Skin reactions following primary exposure to tsetse flies in the seven rabbits examined were minimal and consisted primarily of scattered petechial hemorrhages. Neither swelling nor erythema were appreciable. In contrast, pronounced immediate hypersensitivity reactions developed in three of seven rabbits following a second exposure, 14 days later, to 200 feeding tsetse flies. Within 5 minutes, after the cessation of feeding, both ears on these animals become uniformly swollen to approximately twice the normal thickness and were erythemic and hyperemic. Two of the rabbits had 1-2 mm superficial papules scattered on the dorsal surfaces of the ears. These inflammatory reactions gradually subsided over the next 24 hours. One additional rabbit exhibited a similar, but less intense hypersensitivity reaction following a third exposure to feeding flies. The remaining three rabbits failed to exhibit grossly appreciable immediate hypersensitivity reactions after six exposures to tsetse flies during the course of 6 weeks.
Macroscopic skin reactions were minimal in ten randomly chosen rabbits which had been exposed to 200 feeding flies 3 times weekly for 1 year or longer. In some rabbits petechial hemorrhages were observed immediately after feeding, but there was no attendant diffuse swelling or hyperemia. Rarely, 1 mm nodules were palpable at the bite for up to 96 hours post-feeding.
Histological lesions in biopsies taken from the ears of rabbits 2 hours after a primary exposure to flies consisted of variable-sized foci of dermal hemorrhage.
There was slight distension of dermal vessels, mild edema and extravasation of small numbers of neutrophils, and a few eosinophils from dermal capillaries. In contrast, 2 hour post-feeding skin biopsies from the four of seven rabbits which developed gross immediate hypersensitivity reactions revealed a markedly thickened and edematous dermis (Fig. 1 ). There was a marked degree of cellular infiltration in which eosinophils predominated and mast cells were also prominent (Fig. 2) . In two rabbits multifocal micropustules were within the epidermis.
Histological changes in the skin of rabbits repeatedly exposed to tsetse bites for over 1 year were assessed at seven time points. Focal dermal hemorrhages were observed from 0 to 48 hours post-feeding. Commencing at 2 hours there was generally a mild to moderate with biotinylated goat anti-rabbit IgG followed by avidin-biotin peroxidase complex and hematoxylin counterstain. extravasation of granulocytes, with eosinophils predominating. By 24 hours post-feeding the character of the dermal inflammatory reaction had changed with lymphocytes, plasma cells, and macrophages becoming the predominant infiltrating cells (Fig. 3) . Immunohistochemical analysis indicated the presence of numerous IgG containing plasma cells in these lesions (Fig. 4) . This mononuclear cell response peaked between 48-72 hours post-feeding but was apparent for up to 7 days. Separation by gradient SDS-PAGE of protein components in tsetse saliva is demonstrated in Fig. 5 . Silver staining revealed protein of 160, 92, 66, 64, 55, 42, 33, 28, and 15 kDa. Approximately 15 minor bands were also detectable.
After SDS-PAGE and electrophoretic transfer, strips of nitrocellulose filters containing separated protein components were probed with biotin labelled lectins. The tsetse salivary proteins of molecular masses: 160, 66, 64, 55, 42, 33, and 28 kDa were suggested to be glycoproteins by their binding to lectins (Fig. 6) . All of the lectins tested (BSA, Con A, RCA, SBS, WGA) bound some of the transferred salivary components although different lectins bound different salivary components to varying degrees. Con A bound to many proteins, indicating the high proportion of mannose moieties in salivary glycoproteins. Lectin binding was considered specific since there was no binding of avidin-HRP in the absence of lectins. Fig. 3 , and (a) tsetse saliva; (b) nitrocellulose strips: stained with amido black (c), or reacted with avidin-biotin peroxidase complex alone (d), Bandieraea simplicifolia agglutinin (e), Concanavalin A (f), Ricinus communis agglutinin (g), soybean agglutinin (h), wheat germ agglutinin (i). All lectins used at a concentration of 15 pg/ml. Lectin binding visualized by incubation with avidin-peroxidase (5 pg/ml) followed by development with DAB-H,O2
Immunoblotting with sera from rabbits with immediate hypersensitivity reactions on a secondary exposure and those subjected to prolonged exposure revealed recognition of the 28 and 42 kDa salivary components (Fig. 7 ). Most sera also reacted with the 64 and 66 kDa proteins. Other salivary antigens were recognized inconsistently. Sera from one of the chronically exposed rabbits recognized a 15 kDa protein. A 160 kDa protein was recognized more consistently by sera from rabbits with immediate hypersensitivity than with most of the sera from chronically-exposed rabbits. Whole serum tended to react more intensely than fractionated IgG, and no proteins were recognized by normal rabbit serum.
Discussion
The rapidly developing reactions characterized by pronounced eosinophil infiltration and edema for-mation in four of seven rabbits on secondary or tertiary exposure to tsetse was compatible with type I hypersensitivity reactions." It is of interest that three of seven rabbits exposed to tsetse saliva, on multiple occasions during 6 weeks, failed to develop clinical type I hypersensitivity. While this may be due in part to the duration, level, and route of antigen exposure, which are important factors affecting IgE responses,1s these results emphasize the individual differences in the development of hypersensitivity to arthropod antigens.
In contrast, tissue reactions following fly feeding in chronically exposed rabbits were primarily microscopic and delayed in onset. To our knowledge, this report is the first description of delayed-type responses following tsetse feeding on hosts which had been regularly exposed to salivary antigens for a prolonged period. Eosinophils were usually present in the early stage of the cellular response but were replaced later by lymphocytes, macrophages, and plasma cells, the latter of which probably produced antibody to tsetse antigens. Duration and levels of exposure at which alterations in the pattern of tsetse-specific hypersensitivity occur were not determined in this-study.
Cutaneous basophil hypersensitivity has been reported as characteristic of responses to other arthropod salivary antigens in guinea pigs' and cattle.* Brown and Cipriano9 reported delayed cutaneous basophil-type hypersensitivity in guinea pigs following two, three, or four infestations by feeding tsetse. In contrast, delayed skin reactions in our chronically exposed rabbits contained a paucity of basophils, based on the assessment of Bouin's-fixed, Giemsa-stained sections. Differences in responses in our rabbits may be attributable to different stages in the development of hypersensitivity or may be indicative of interspecies differences in responses to arthropod antigens.
When tsetse saliva was subjected to SDS-PAGE, more than 20 protein components were detected. This was similar to a previous study of salivary proteins from tsetse29 where 11 proteins were detected, four of which were considered glycoproteins on the basis of periodic acid-Schiff staining. Many of the salivary proteins we detected were confirmed to be glycoproteins by the binding of lectins which are sensitive markers for sugar moietie~.~] Tsetse salivary proteins retained antigenicity after SDS-PAGE so that, following immunoblotting, several proteins were recognized by sera from chronically exposed rabbits and from hypersensitive rabbits with only two exposures to fly saliva. Sera and IgG from rabbits with immediate hypersensitivity reactions reacted with 160,42, and 28 kDa molecules, and a variable number of addtional proteins. Chronically exposed animals generally had less circulating antibodies against the 160 kDa antigen but reacted well with the were incubated with sera from three different rabbits with immediate hypersensitivity reactions following a secondary exposure to feeding tsetse. Strips (e-g) reacted with protein-A Sepharose IgG fractions obtained from sera used in (b-d). Strips (h-j) incubated with sera from different rabbits used to feed tsetse for at least 1 year, strips (k-m) reacted with IgG from the same animals. Peroxidase conjugated goat antirabbit serum used to detect antibody binding.
other two antigens and occasionally with additional proteins. Whole sera usually detected more bands and with greater intensity than protein A-purified IgG. Since the blots were prepared from one batch of antigen, standard staining conditions were employed, and the concentration of purified IgG was adjusted to that of IgG in whole serum, these results suggest that IgE antibody which does not bind significantly to protein AI9 recognized antigens in the saliva and perhaps contributed to the hypersensitivity reactions seen after tsetse feeding. Probing blots and tissue sections with class specific antisera would be necessary to confirm the presence and reactivity of IgE antibody and thus provide further information to correlate antibody responses with the allergic reaction in tissue. Unfortunately anti-rabbit IgE is not commercially available at this time.
have generally relied on immunodiffusion techniques which did not allow identification of specific antigens recognized in sensitized hosts. Parker,26 using homogenized whole salivary glands from G. rn. morsitans as antigen, identified as many as seven precipitin arcs in an immunoelectrophoretic analysis of serum from rabbits used to maintain uninfected tsetse. No reactivity was found with Sephadex gel-fractionated salivary gland Studies of antibody responses to arthropod material of less than 25 kDa. Only one of our ten chronically exposed rabbits reacted to a molecule in this size range, namely a 15 kDa protein. Failure to demonstrate reactivity with molecules below 16 kDa is consistent with the results of previous studies26,28 and consistent with the idea that the major anticoagulant in tsetse saliva, a molecule of 11 to 13 kDa,28 is nonimmunogenic. This has obvious advantages for the tsetse fly.
Generally we found minimal gross tissue reactivity following tsetse feeding on rabbits with regular, prolonged exposure to salivary antigens. Similar apparent desensitization has also been seen in goats used to maintain tsetse. 22 Our demonstration of saliva-specific antibody responses and IgG-containing plasma cells at the bite site suggests that the desensitization seen may be maintained by the presence of blocking antibodies produced both systemically and locally. This mechanism of desensitization has been documented in other instances of arthropod-induced hyper~ensitivity. ~~ We have not examined the effect of saliva-specific antibody on the feeding tsetse. Parker and Gooding2' documented decreased longevity, fecundity, and pupal weights in flies and progeny of G. rn. morsitans females maintained on previously exposed rabbits when compared to flies maintained on naive rabbits. These effects were attributed to decreased feeding efficiency due to locally mediated effects, such as vasoconstriction, and not to circulating antibodies. Similar mechanisms have been implicated in other instances of acquired resistance to arthropods (reviewed by Nelson et al.23) .
Perhaps of greater interest are the potential effects of vector-specific response on the parasites transmitted by arthropods. It has been demonstrated that hypersensitivity reactions in response to ectoparasite antigens may alter the efficiency of transmission of viral, bacterial, and protozoal pathogens from the arthropod vector to vertebrate h o~t .~,~~.~~ Our studies indicate that even in the absence of grossly observable changes in the slun of a host there can be significant vector-induced cellular infiltration in the microenvironment in which the metacyclic trypanosome develops, in addition to a vector antigen-specific systemic antibody response. While these events clearly represent responses to which the trypanosome is an innocent bystander, the question remains as to the role of tsetse salivainduced inflammatory and immune mediators in the complex ecology of the vector-parasite-host relationship. A better understanding of this relationship may suggest immunological methods to impair the efficiency of disease transmission by the tsetse fly.
